A multi-host approach was followed to screen a library of 1201 signature-tagged deletion strains of Cryptococcus neoformans mutants to identify previously unknown virulence factors. The primary screen was performed using a Caenorhabditis elegans-C. neoformans infection assay. The hits among these strains were reconfirmed as less virulent than the wild type in the insect Galleria mellonella-C. neoformans infection assay. After this 2-stage screen, and to prioritize hits, we performed serial evaluations of the selected strains, using the C. elegans model. All hit strains identified through these studies were validated in a murine model of systemic cryptococcosis. Twelve strains were identified through a stepwise screening assay. Among them, 4 (CSN1201, SRE1, RDI1, and YLR243W) were previously discovered, providing proof of principle for this approach, while the role of the remaining 8 genes (CKS101, CNC5600, YOL003C, CND1850, MLH3, HAP502, MSL5, and CNA2580) were not previously described in cryptococcal virulence. The multi-host approach is an efficient method of studying the pathogenesis of C. neoformans. We used diverse model hosts, C. elegans, G. mellonella, and mice, with physiological differences and identified 12 genes associated with mammalian infection. Our approach may be suitable for large pathogenesis screens.
Cryptococcus neoformans is a fungal pathogen that primarily infects the lungs and the central nervous system [1] . Cryptococcal meningitis is the leading cause of death among human immunodeficiency virus-infected patients in resource-limited areas, with a mortality rate that can exceed 70% [2] . Even though vertebrate models are established and well-used systems for the study of cryptococcal pathogenesis [3] , they raise ethical and logistical concerns. Over the past decade, invertebrate model hosts, such as the nematode Caenorhabditis elegans and the insect Galleria mellonella, have been used extensively to study fungal pathogenesis [4] [5] [6] [7] . C. elegans feeding on a lawn of C. neoformans (median lethal time [LT 50 ], 8 days) had shorter life spans than worms feeding on their normal laboratory food source, Escherichia coli [8] . Notably, key virulence factors that are important for cryptococcal pathogenesis in the nematode model are also involved in pathogenesis in humans [9] . G. mellonella larvae injected in their hemocoel with live cryptococcal cells die within 4 days, while insects injected with heat-killed pathogens are largely unaffected [10] . These model hosts not only enable a whole-organism approach to studying cryptococcal pathogenesis, but are also simple enough to undertake evaluation of large libraries of mutants for the identification of novel virulence factors.
Large-scale studies on cryptococcal mutant libraries have been performed in mouse models in the past [11] , in which the proliferation of the mutant strains inside the murine lung tissue was then evaluated. Specifically, in this study, the authors used groups of 48 mutant strains in a nasal infection model and evaluated, by quantitative polymerase chain reaction (qPCR), the relative presence of the mutant strains inside the lungs of the mice after onset of infection. Strains were judged as virulent or less virulent depending on their relative abundance or absence in the lung tissue as determined by qPCR. Through this model of pathogenesis, several previously uncharacterized genes involved in cryptococcal pathogenesis were identified. However, performing large-scale analysis to characterize virulence of individual mutants requires a different approach. Therefore, we devised a multi-host approach to screen a large library of 1201 C. neoformans gene knockout mutants from deletions that target 1180 genes (the library was generated by Liu et al [11] ). By performing a multiple-host infection assay in C. elegans and G. mellonella and by final confirmation in a mouse model, we have identified 8 genes with previously unknown roles in cryptococcal pathogenesis. It is notable that many of the identified genes relating to virulence that were described by Liu et al by use of the same library also function in melanization [11] . The novel screening method described here can easily be adapted to efficiently study the virulence and pathogenesis of other infectious organisms.
MATERIALS AND METHODS

Strains and Media
The C. neoformans strains KN99a and KN99α are described elsewhere by Nielsen et al [12] . The library of cryptococcal mutants was obtained from the fungal genetic stock center (http://www. cryptogenome.ucsf.edu). The library is in the C. neoformans H99 background, and each strain incorporates a nourseothricin cassette (first described by Idnurm et al [13] ) to generate single signature-tagged gene deletion. Genes were targeted for deletion with homologous recombination. Some of these were chosen because of the nonexistence of obvious homologues in the nonpathogenic model fungus Saccharomyces cerevisiae. The rest encode proteins implicated in many fungal biological processes.
The C. elegans glp-4(bn2);sek-1(km4) double-mutant strain was used throughout this study. Nematodes were maintained at 15°C on a lawn of E. coli strain HB101 on 10-cm plates [14] . The glp-4(bn2) mutation renders the strain incapable of producing progeny at 25°C, and the sek-1(km4) mutation enhances sensitivity to various pathogens [15, 16] , reducing assay time.
Screening of the Cryptococcal Mutant Library in the C. elegans Model
Nematodes were propagated at 15°C on nematode growth medium agar plates, and E. coli strain OP50 was used as a food source. Killing assays were performed as previously described [17] , with minor modifications. Briefly, C. neoformans strains were cultured in yeast extract-peptone-dextrose (YPD) medium. Twenty five worms at the L4 stage of development were then placed onto the C. neoformans lawns and incubated at 25°C. Nematode survival was monitored with a Nikon SMZ645 dissecting microscope, and nematodes were considered dead if they failed to respond upon being probed with a platinum pick.
Screen of Mutant Library in G. mellonella
Assays for testing the cryptococcal killing of G. mellonella larvae (Vanderhorst Wholesale, St. Mary's, OH) were performed as previously described [18] . The entire procedure was repeated for the mutants that displayed reduced virulence, compared with the wild type.
In Vitro Experiments
To assess cryptococcal melanin production, L-dopa was used as previously described [19] . Cell wall integrity in the mutants was assessed by studying growth on YPD plates containing the following stressors: 0.03% sodium dodecyl sulfate (SDS), 1.5 M NaCl, 0.5% Congo red, or 3.5 mM caffeine [9] . Cells were grown at 25°C, 30°C, or 37°C, and colonies were examined after 2 days or for longer periods, until growth defects were observed. SDS affects the plasma membrane, and Congo red interacts with b-glucan; NaCl and caffeine are cell wall stress factors [20, 21] .
Murine Model of Cryptococcosis
To test the susceptibility of mice to the pathogen, 6-week-old female CD-1 mice (Charles River Laboratories) were infected with cryptococcal cells as previously described [22] .
Confirmation of Hit Strains
For each of the 12 strains identified as having reduced virulence, PCR was performed to confirm the deleted gene. For each deletion, tag-specific primers were used designed for the initial screen by Liu et al [11] .
Ethics Statement
The murine experiments were approved by Massachusetts General Hospital Committee on Research, Subcommittee on Research Animal Care (OLAW assurance A3596-01).
The protocol (2005N000076) conformed to the US Department of Agriculture Animal Welfare Act, the Public Health Service Policy on Humane Care and Use of Laboratory Animals, the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals, and other applicable laws and regulations. Special attention was given to minimize the suffering of the mice.
Statistical Analysis
C. elegans, G. mellonella, and murine-killing curves were plotted, and estimation of differences in survival was analyzed with the Kaplan-Meier method, performed using Stata 6 statistical software (StataCorp, College Station, TX). P values were considered statistically significant if they were <.05.
RESULTS
Primary Screen in C. elegans
We screened a library of 1201 signature-tagged deletion strains in the C. neoformans H99 background to identify novel virulence factors. To efficiently screen such a large number of cryptococcal mutants, the mutants were tested in organisms with increasing levels of complexity, first in C. elegans, then in G. mellonella, and finally in mice ( Figure 1 ). The reasoning behind this strategy is that gene deletions that affect virulence in several model systems likely indicate their critical role in the pathogenicity of the organism. First, the threshold for reduced virulence in the C. elegans infection assay was determined by comparing the killing curves of nematodes, infected either with the wild-type C. neoformans strain KN99α or the C. neoformans mutant KN99α kin1. The KIN1 gene was identified through a pilot screen in C. elegans and demonstrated reduced virulence in the C. elegans and murine infection models (in the mouse tail vein model, this mutant prolonged the LT 50 from 5.5 to 11.5 days) [22] . Twenty-five adult glp-4;sek-1worms were placed in a lawn of C. neoformans culture spread on blood-heart infusion agar plates, and worm survival was monitored daily. At days 4 and 10, worm survival was 67% and 10%, respectively. These 2 points in time were selected to evaluate any loss in virulence among C. neoformans strains tested in later experiments.
A pilot screen was initially performed by infecting C. elegans with 40 C. neoformans mutant strains, and the threshold for Figure 1 . Work flow of the Cryptococcus neoformans mutant library screening, illustrating the multi-host screening process. Each mutant strain was screened in a primary Caenorhabditis elegans model. Then, we tested the strains of interest in a Galleria mellonella model of cryptococcosis. Furthermore, we confirmed our results in a secondary C. elegans model similar to that used in the primary screen and in a tertiary assay, in which we counted the survival of the nematodes daily.
reduced virulence was defined as worm survival >67% and 10% at 4 days and 10 days after infection, respectively. Two mutant strains were identified from the pilot screen and further validated by repeating their infection in worms and studying daily worm survival before screening the rest of the mutant library (Supplementary Table 1 ). The primary screen identified 72 mutant strains as having attenuated ability to infect the nematode. Interestingly, only 19 of the strains identified in the C. elegans assay were also found in the murine lung survival-based assay used by Liu et al (Supplementary Table 1 ).
Secondary Screens
The mutants identified in the primary screen were further tested using the G. mellonella model. Among the 72 strains identified in the primary C. elegans screen, 50 were identified as less virulent in the G. mellonella model (Supplementary Table 2) , compared with the wild-type strain KN99α. These 50 strains were tested further in a secondary C. elegans screen (with killing evaluated on days 4 and 10), and 26 strains were identified as having attenuated virulence. The 26 strains were then tested in a C. elegans model that had increasing levels of stringency with regard to the survival of the worms monitored daily. The assay was performed twice, and of the 26 strains with attenuated virulence, the 12 strains that showed significant loss of virulence had a deletion in the genes CKS101, CNC5600, YOL003C, CND1850, SRE1, CSN1201, MLH3, HAP502, MSL5, CNA2580, YLR243W, and RDI1. The 12 mutant strains were then tested twice in a murine model of cryptococcosis. Remarkably, all of the strains exhibited a reduced ability to infect the mice, compared with the wildtype strain KN99α (Table 1 and Figure 2 ). 
G. mellonella Screening of Previously Identified Less Virulent Strains
In the insect host, we also screened 47 additional, randomly selected strains reported as less virulent from the earlier study performed by Liu et al [11] . We evaluated these strains to compare the results in the invertebrate hosts with those in the mammalian screen [11] . To our knowledge, this additional part of our study involves the first description of a significant number of strains that have been evaluated through different model systems and allows for some interesting comparisons. The G. mellonella screen identified 46 of 66 mutants (69.7%) hit by Liu et al (Supplementary Table 2 ). The C. elegans primary infection assay identified 19 (28.8%) of the hits identified by Liu et al (Supplementary Table 2 ). The differences in the results illustrate the distinctive characteristics of each host: the G. mellonella immune system shares more similarities with the mammalian host, rendering it an efficient model for screening a limited number of mutants or as a secondary screen in the evaluation of large mutant libraries. The differences also highlight that some of the limitations of the nematode model should be taken into account when researchers plan a screen. For example, of the strains identified only in the G. mellonella screen, 3 had deleted genes that appear to regulate capsule formation: GAT201, HOS2, and CPL1 [11] . The C. elegans primary screen did not identify those strains, and previous studies suggested that the capsule may play a role in C. neoformans-mediated C. elegans killing, but the role is more obvious in minimal medium, and it is not as essential for the killing of nematodes [8] , compared with the insect model [10] . However, the fastprocessing time, ease of use, and cost-effectiveness of the C. elegans model makes it an excellent primary screening tool, and the combination of the 2 hosts may provide a much more efficient approach. Interestingly, this multi-host approach in invertebrates was able to identify 8 mutant strains (that had decreased virulence in our studies in mice) that were not found in the study by Liu et al. Together, these findings show that different invertebrate and mammalian models can complement each other and can be used alone or in combination for the systematic study of fungal pathogenesis.
In Vitro Evaluation of C. neoformans Mutant Strains
We confirmed that each strain identified as a hit strain represents a deletion in the gene of interest by PCR with the use of tag-specific primers designed elsewhere [11] . To characterize the functional role of the identified genes in C. neoformans pathogenesis, we performed a series of in vitro assays ( Table 2 ). The growth of the mutants on YPD agar plates was assessed at 25°C, 30°C, and 37°C, and their growth was similar to that of the wild-type strain at all tested temperatures (Supplementary Figure 1) . The ability of the mutant strains to grow in the presence of cell-wall-aggravating agents was assessed by serially plating Figure 2 . Killing in a murine tail vein injection model. Mice infected with the Cryptococcus neoformans mutant strains KN99α cks101, KN99α cnc5600, KN99α yol003c, KN99α cnd1850, KN99α sre1, KN99α csn1201, KN99α mlh3, KN99α hap502, KN99α msl5, KN99α cna2580, KN99α ylr243w, and KN99α rdi1 exhibited increased survival, compared with wild-type C. neoformans infection. The survival of the animals was monitored daily.
cryptococcal cells on YPD agar plates containing 0.03% SDS, 1.5 M NaCl, 0.5% Congo red, or 3.5 mM caffeine. The wildtype strain was able to grow in the tested conditions at all temperatures. The YOL003C strain was unable to grow in the presence of any cell wall stress factors, strains SRE1 and CSN1201 were unable to grow in the presence of NaCl at 37°C, while the CSN1201 strain had an additional growth defect at 37°C in the presence of caffeine (Supplementary Figure 1) .
Melanin production was assessed by growth on L-3, 4-dihydroxyphenylalanine (L-DOPA)-containing minimal medium agar for 7 days at 24°C, 30°C, and 37°C. Melanin production at different temperatures was not affected in the wild-type strain or the CNA2580 and HAP502 mutant strains. The rest of the mutants showed defects in melanin synthesis at 37°C, and the YOL003C strain showed additional defects at even 25°C and 30°C (Supplementary Figure 1) .
DISCUSSION
We developed and performed a stepwise screening assay. Our hypothesis was that genes required for virulence in multiple hosts with different conditions possibly are important to pathogenetic capability. The additional hosts added complexity in our screen by exploring additional pathways in hosts with increasingly sophisticated immune systems [23] .
C. neoformans is a ubiquitous yeast, found especially in soil, and shares the same environment as nematodes. The model nematode C. elegans is simple and easy to use because of its relatively small size, low cost of use, and amenability to highthroughput screens [24] [25] [26] . This model host is genetically tractable and is ideal for microscopy, as well as for the initial evaluation of a large number of mutants. C. elegans consumes C. neoformans when it is used to replace the laboratory food source of E. coli [8] . The nematode model served as the primary screening tool since it is a facile infection model. This enabled us to evaluate a large number of strains, each tested individually, and thereby differs from the original evaluation performed by Liu et al, in which mutant strains were pooled for evaluation.
G. mellonella has been used extensively for studying fungal pathogenesis, and its use as a model host has significant advantages [27] [28] [29] . The immune response of G. mellonella includes a Toll pathway and phagocytosis due to the presence of hemocytes inside the body of the larvae. Use of G. mellonella also enabled us to assess temperature-sensitive traits, owing to its ability to grow at 37°C. The inability to grow at 37°C is a drawback in relatively simpler models, such as C. elegans. Furthermore, a standardized inoculum can be delivered via injection in the G. mellonella model. Therefore, the more-complex physiology G. mellonella, compared with that of C. elegans, makes G. mellonella an attractive model for the secondary evaluation of mutants identified in the worm model (Desalermos et al [4] have discussed the positive and negative aspects of each invertebrate model).
Of the 50 hits from the initial screen with C. elegans, 26 were confirmed with a second screen, and 12 were finally identified through the combined C. elegans and G. mellonella screens. Screens in C. elegans are usually performed in triplicate, using progressively increasing numbers of nematodes and morestringent statistical analyses [22, 30] . By using a multi-host approach, we significantly improved the results of the previous screening approach. For example, in a previous C. elegans screen of C. neoformans mutants, one third of the strains (118 of 350) were selected after the first screen, and only 18 of the 118 mutants were selected for further analysis after the second screen. Moreover, in this previous screen, only 9 strains (of the 118 initial hits) exhibited a significant difference in the killing of C. elegans (P < .05) in a third screen and were selected for further evaluation [22] . The improved selection of hits and the use of a multi-host approach instead of a single model host greatly improved the yield. In this screen, 12 of 72 initial hits (16.6%) were finally identified, compared with 9 of 118 (7.6%) in the previous single-host screen. The functional role of 4 genes (CSN1201, SRE1, RDI1, and YLR243W) in cryptococcal virulence has already been published and therefore served as proof of principle for this study. CSN1201 participates in the biosynthesis of melanin [11] , and the SRE1 gene plays a role in sensing oxygen levels and ergosterol formation [31] . The RDI1 gene encodes a Rho-GDP dissociation inhibitor, which is important for cell morphology and intracellular vesicle transportation [32] . The YLR243W gene has a homolog in S. cerevisiae that encodes an integral membrane multicopper oxidase, which is involved in iron transportation [33] . Interestingly, the role of the remaining 8 genes in cryptococcal virulence had not been described previously. To get a better understanding of the molecular function of these genes, we performed a literature search to look at the activity of the genes in other yeast and fungal models. In S. cerevisiae, the YOL003C gene encodes a zinc-finger family protein associated with protein palmitoylation and yeast Chs3 protein modification [34] . Chs3 protein is the catalytic subunit of chitin synthetase 3 and is responsible for the synthesis of 90% of cellular chitin, which is the primary component of the cell wall for the most fungi and the second most common biopolymer [35] . In vitro testing of this mutant strain revealed abnormal growth in the presence of cell wall stressors. It is likely that this gene affect the virulence of the fungus, owing to its role in ensuring the integrity of the cell wall. In C. neoformans, the wall integrity pathway, as well as a number of secondary pathways, provide necessary protection from environmental stressors and host defense mechanisms. This pathway takes part in a mitogenactivated protein kinase cascade, which is activated by various stress factors and conditions, such as oxide radicals, pH, osmotic and temperature changes, and lack of necessary nutrients [36] . The mechanism of action for the rest of the identified genes is noted in Table 2 [37] [38] [39] [40] [41] [42] [43] [44] [45] . Further study and confirmation of the function of these genes should include the complementation of each deletion by restoring it to wild type. These studies were beyond the focus of this article, which aimed to outline a multi-host approach for the study of large mutant libraries.
Liu et al identified 164 strains from the C. neoformans gene deletion library as less virulent, in the in vivo model used in their study. Interestingly, among these, only 4 strains were identified as less virulent, using our multi-host approach. We identified 8 mutant strains that were not identified in the Liu et al study but were less virulent than the wild-type strain when we tested each mutant individually in a murine model. The obvious physiological differences between nematodes, insects, and mammals impose limitations on the interpretation of these results. This, in turn, underscores the need to study fungal virulence by use of several approaches and highlights the efficacy of our screen as a simple and cost-effective method.
We identified 10 genes that appear to affect melanin. Melanin is a crucial virulence factor for C. neoformans. It appears to work by protecting the pathogenic fungus from host defense mechanisms and environmental insults. C. neoformans produces melanin only in the presence of exogenous substrates, such as D-DOPA and L-DOPA. The production is catalyzed by the enzyme laccase. This enzyme is a cell-wall-associated diphenol oxidase that drives the oxidation of diphenolic compounds to their respective quinines [46, 47] . The initial screen with C. elegans discovered these genes, but melanin would not be expected to participate in the killing of the nematode, because of the lack of precursor compounds such as L-DOPA in our experimental conditions [8] . This finding underlines the effectiveness of C. elegans as a simple first screening tool for the pathogenesis of a virulent organism. Similar to our study, the work by Liu et al also identified a number of genes that also affected the C. neoformans melanization processes [11] . In total, these findings suggest that a number of genes are involved in different pathways that function independently or in parallel with melanization to support virulence.
In conclusion, we have described a multi-host approach to efficiently study the pathogenesis of C. neoformans. Previous screening efforts in alternative hosts primarily involved a single model host to evaluate virulence of fungal pathogens, and even these efforts focused on studying a relatively small number of pathogenic strains. The novelty of the current system is that we have systematically infected different model systems (C. elegans, G. mellonella, and mice) of increasing complexity in both physiology and ease of handling. Interestingly, all strains predicted through our screens in invertebrate hosts were associated with mammalian infection. Our findings and approach could provide helpful insights to researchers planning large pathogenesis screens.
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